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ABSTRACT
Aims. We conducted the first X-ray observations of the newly erupting FU Ori-type outburst in HBC 722 (V2493 Cyg) with the aim
to characterize its X-ray behavior and near-stellar environment during early outburst.
Methods. We used data from the XMM-Newton and Chandra X-ray observatories to measure X-ray source temperatures and lumi-
nosities as well as the gas column densities along the line of sight toward the source.
Results. We report a Chandra X-ray detection of HBC 722 with an X-ray luminosity of LX ≈ 4×1030 ergs s−1. The gas column density
exceeds values expected from optical extinction and standard gas-to-dust ratios. We conclude that dust-free gas masses are present
around the star, such as strong winds launched from the inner disk, or massive accretion columns. A tentative detection obtained by
XMM-Newton two years earlier after an initial optical peak revealed a fainter X-ray source with only weak absorption.
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1. Introduction
The small group of FU Ori stars (FUors) are pre-main sequence
stars showing giant, long-lasting optical outbursts (Herbig
1977). The defining photometric feature of an FUor is a dramatic
increase in optical brightness (∆V & 4 mag), followed by a slow
decline that can last from decades to centuries. This evolution is
accompanied by a change from a typical T Tauri stellar spectrum
to an F–G supergiant spectrum in the optical and to a late-type
(K and later) giant spectrum in the near-infrared. Other impor-
tant features are heavily blueshifted absorption lines (indicating
velocities > 100 km s−1), CO overtone absorption bands around
2 µm, and almost no lines in emission, with the significant ex-
ception of Hα. The few emission lines show P Cygni profiles,
which indicates strong winds, again especially in Hα. Further-
more, FU Ori stars in outburst are accompanied by newly formed
reflection nebulae. The theory for FUor outbursts assumes a cat-
aclysmic accretion event in which the accretion rate increases by
a factor of 100 or more during a relatively short time interval
(. 100 years; e.g., Bell & Lin 1994; Vorobyov & Basu 2006).
A second group of eruptive variables, EXors (after their pro-
totype EX Lup, Herbig 2008) exhibit similar observational fea-
tures albeit with more modest amplitudes and on shorter time
scales of several months to a few years. Optically, an EXor ap-
pears as a T Tauri star, while a FUor shows a much broader opti-
cal and near-IR peak that is dominated by the hot inner disk that
outshines the central star.
X-ray studies of FUors and EXors are interesting because
strong accretion may change the magnetic topology in the stel-
lar environment. The EXor V1647 Ori revealed a rapid increase
in the X-ray flux by a factor of ≈ 30 that closely tracked the
optical and near-infrared light curves (Kastner et al. 2006). The
X-ray spectra hardened during the peak and softened during the
decay. Extremely high temperatures of about 6×107 K indicated
magnetic reconnection in star-disk magnetic fields. In contrast,
V1118 Ori showed X-ray variations by no more than a factor
of two during its 1–2 magnitude optical brightness increase on
time scales of 50 days, but instead revealed a remarkable soft-
ening during the outburst, which indicates that the hot plasma
disappeared during that episode (Audard et al. 2005).
X-rays from FUors have been more elusive. Although two
classical FUors have been recorded in X-rays so far, namely
the prototype FU Ori (Skinner et al. 2006b) and V1735 Cyg
(Skinner et al. 2009), these observations occurred long after the
initial outbursts, during the gradually declining phase. Both re-
vealed a high-temperature plasma (kT > 5 keV), which has been
assumed to be the result of coronal activity. The X-ray properties
resemble those of Class I protostars. Two other FUors, V1057
Cyg and V1515 Cyg, remain X-ray nondetections (Skinner et al.
2009).
Here, we report the first X-ray detection of an FUor in the
initial stages of its outburst. The recently erupting HBC 722 is
the first and so far only FUor that has been monitored from its
early outburst phase to the (presumably) main peak in all avail-
able wavelength bands (Dunham et al. 2012; Sung et al. 2013;
Green et al. 2013; Semkov et al. 2014). We obtained three X-
ray observations during the initial rise of the optical light, dur-
ing a subsequent minimum, and during the following second
maximum. HBC 722 has been frequently studied in the optical
and near-infrared and has meanwhile been classified as a gen-
uine FUor (Semkov et al. 2012). The interest in its high-energy
radiation was initially spurred by its apparent detection with
SWIFT (Pooley & Green 2010), although we caution that - as
demonstrated below - the field around our target is very complex
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Fig. 1. V (top) and B − V (bottom) light curves of HBC 722
from aavso.org (+ symbols), complemented by R-band data from
Miller et al. (2011) (top, early rise phase, × symbols). The three arrows
mark the XMM1, XMM2, and CXO1 observing dates (left to right; Ta-
ble 1).
and crowded in X-rays for the XMM-Newton and Swift angu-
lar resolution. There are no pre-outburst X-ray observations of
HBC 722.
2. HBC 722
The newly detected FUor HBC 722 (V2493 Cyg, LkHα 188
G4) (Semkov et al. 2010) is located at a distance of 520 pc
(Green et al. 2013) and is only the second FUor that has been
observed prior to its outburst. Its pre-outburst characteristics
(Cohen & Kuhi 1979) indicate that it was an emission-line star
in the spectral range K7-M0, that is most likely a classical Tauri
star (CTTS).
HBC 722 has become an object of great interest because
its eruption was detected during its initial phase, and excellent
photometric and spectroscopic pre-outburst data are available
(Sect. 4). Its luminosity started to increase in May 2010 and
reached a first maximum in October 2010 (Fig. 1), making it
the fastest rise ever recorded for an FUor (Semkov et al. 2012).
After a very fast initial decline until April 2011, it started to
increase again and only recently reached a plateau. HBC 722
exhibits all defining features of a classical FUor. Its bolomet-
ric luminosity, Lbol, increased from 0.7 L⊙ to 12 L⊙ (Miller et al.
2011), which is an increase at the lower end for the class. The
calculated accretion rate of HBC 722 of ∼ 10−6M⊙ yr−1 also lies
at the lower end of the class (Kóspál et al. 2011). But like other
FUors, HBC 722 changed its spectrum from typical CTTS char-
acteristics to a G3 supergiant in the optical and a K-type giant in
the near- to mid-infrared (Semkov et al. 2012). It only shows one
detected emission line, namely Hα (Semkov & Peneva 2011).
The accompanying reflection nebula has grown to ∼ 2400 AU
in 2011 (Miller et al. 2011).
3. Observations, data reduction, and analysis
We requested XMM-Newton (Jansen et al. 2001) target of oppor-
tunity time twice to obtain an early X-ray view of HBC 722
(observations XMM1/2). Because of the complex source re-
gion with its many faint X-ray sources, we additionally obtained
Chandra X-ray Observatory (Weisskopf et al. 2000) guest ob-
server time (observation CXO1). Table 1 summarizes dates, ex-
posure times, number of counts in the source extraction area
and net counts after background subtraction, and detection sta-
Table 1. Log for HBC 722 X-ray observations
Obs. ObsID Date Exp. Source Det.
code (y/m/d) timea (ks) countsb
XMM1 656780701 2010/11/25 16.85 - no
XMM2 656781201 2011/05/26 17.56 19.3±6.1 yes?
CXO1 14545 2013/07/17 29.68 19.1±4.6 yes
Notes. a Exp. time corresponds to LIVETIME; b net source counts in
0.3 − 7 keV band for XMM2 (pn camera); 0.5 − 10 keV for CXO1.
Fig. 2. Maps for XMM2 (left; pixel size 1.6′′, energy range = 0.3-7 keV)
and CXO1 observations (right; pixel size 0.49′′ , energy range = 0.5-
10 keV). The circles show the extraction regions (radii = 4.5′′ and 1.76′′
for XMM2 and CXO1, respectively), centered at the wavdetect source
coordinates. The crosses mark the 2MASS position (Cutri et al. 2003).
The XMM-Newton image has been smoothed with a Gaussian.
tus of all observations; the X-ray observation times are marked
in Fig. 1.
For the Chandra observation we used the Advanced CCD
Imaging Spectrometer (ACIS-S (Garmire et al. 2003) in vfaint
mode. We reprocessed the level 2 event file using Chandra In-
teractive Analysis of Observations (CIAO) vers. 4.4, applying
calibration data from CALDB version 4.4.8. Source detection
was performed with the CIAO task wavdetect. We extracted the
0.5-10 keV source spectrum of the clearly detected HBC 722 us-
ing a circular source area with radius = 1.76′′, and a background
spectrum from a large source-free area on the same CCD, us-
ing the CIAO specextract tool that also delivers the response
matrix.
The XMM-Newton observations were obtained by the Euro-
pean Photon Imaging Cameras (EPIC). Given the faintness of
the possible HBC 722 source, we report only 0.3-7 keV results
from the pn camera (Strüder et al. 2001), but the MOS cameras
also show a marginal excess above background at the HBC 722
position. Data were reprocessed with the Scientific Analysis Sys-
tem [SAS, version 12.0.11]. We performed source detection us-
ing the CIAO wavdetect task with a point spread function
with a 40% encircled energy radius of 6′′2. We extracted spec-
tra for the source (within 4.5′′ around the best-matching XMM2
source) and the background (from a large, source-free area) us-
ing the task evselect. The programs rmfgen and arfgen cre-
ated the redistribution matrix (rmf) and ancillary response files
(arf).
We modeled the observed spectra with XSPEC (Arnaud
1996), using a combination of a gas absorption column density
(wabs model) and a spectrum of a collisionally ionized plasma
1 See “User Guide to the XMM-Newton Science Analysis System”, Is-
sue 7.0, 2010 (ESA: XMM-Newton SOC)
2 see XMM-Newton Users Handbook Issue 2.1, Sect. 3.2.1.1.
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(vapecmodel). The element abundances were adopted from the
XEST project (Güdel et al. 2007), corresponding to typical val-
ues for pre-main sequence stars. Our model thus delivers the gas
column density NH along the line of sight toward the emitting
source, the (average) source temperature, T , and a volume emis-
sion measure, EM. We derived the flux by integrating over the
energy range 0.3-10 keV and calculated the X-ray luminosity
LX using a stellar distance of d = 520 pc. We conducted a 2 D
parameter study by evaluating the best fits for any given com-
bination of NH and kT , and by determining the 90% confidence
level for the two parameters of interest.
4. Results
The CIAO task wavdetect found a 7.9σ X-ray source in CXO1
comprising 20 counts at RA(2000.0) = 20h 58m 17.07s±0.01s,
δ(2000.0)= 43◦ 53′ 43.21′′±0.05′′, offset by only ≈ 0.50′′ from
the expected position, RA(2000.0) = 20h 58m 17.025s±0.006s,
δ(2000.0) = 43◦ 53′ 43.39′′ ± 0.03′′ (Cutri et al. 2003)3. The
XMM-Newton observation XMM1 did not reveal any significant
source at the expected position of HBC 722, but the region is,
at the angular resolution of XMM-Newton, very crowded and
potentially blurred by other point-like X-ray sources (Fig. 2).
Wavdetect revealed a point-like 3σ X-ray source in XMM2
at RA(2000.0) =20h 58m 17.19s±0.038s, δ(2000.0) = 43◦ 53′
41.31′′ ± 0.36′′, offset from the expected position by 2.7′′, cor-
responding to ≈ 0.7σ rms uncertainty of the absolute XMM-
Newton-pointing accuracy4. Similar offsets were found for bright
sources in the field. Because of some potential contamination by
neighboring sources, we consider this faint detection tentative
but useful in the context of the later Chandra detection.
Table 2 shows the results for the XMM2 and CXO1 observa-
tions; LX is the unabsorbed luminosity in the 0.3–10 keV band.
The XSPEC norm is defined as EM/(4pi1014d2), d being the dis-
tance to the star. The near-absence in the Chandra spectrum of
X-ray counts below ≈ 3 keV and a spectral peak around 4–5 keV
(Fig. 3) require very high NH. Our best fit to a spectrum rebinned
to at least five counts per bin delivered NH ≈ 1.4 × 1023 cm−2
(90% confidence range: (4.4 − 56) × 1022 cm−2). For a stan-
dard interstellar gas-to-dust ratio, we expect an optical extinc-
tion, AV , of approximately AV ≈ NH/(1.8×1021 cm−2) ≈ 80 mag
or higher, in disagreement with optically determined AV mea-
surements, which are sensitive primarily to dust absorption (see
below). Given the few counts for the χ2 statistics, we alterna-
tively used unbinned data in conjunction with the C statistic
(Cash 1979, Table 2). We fully confirm the high NH and found
very similar 90% confidence ranges for all parameters as for the
binned data.
To assess the observed AV , we extracted B − V colors from
the online data of the American Association of Variable Star
Observers (AAVSO; Henden 2014). B − V ≈ 1.7 mag re-
mains nearly constant during the recording time (Fig. 1 bottom).
The G3 supergiant optical spectrum of HBC 722 (Semkov et al.
2012) corresponds to (B − V)0 ≈ 0.9 mag (Binney & Merrifield
1998). We then used AV = RV × E(B − V), where E(B − V) =
(B − V) − (B − V)0 is the color excess and RV is the total-
to-selective extinction. Applying the standard value for RV =
3 The rms positional uncertainty for an on-axis point source is ≈ 0.42′′;
see CXO Users Manual, http://asc.harvard.edu/proposer/POG.
4 The rms positional uncertainty for an on-axis point
source is ≈ 4′′; see XMM-Newton Users Handbook,
http://xmm.esac.esa.int/external/xmm_user_support/documentation/
uhb/index.html.
Fig. 3. Observed spectra (error bars) and fits (histograms) of CXO1
(black) and XMM2 (red), binned to a minimum of 5 and 7 cts/bin, re-
spectively.
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Fig. 4. 90% confidence level range for kT vs NH for the CXO1 obser-
vation using binned data. The cross marks the best fit.
Table 2. Results for the XSPEC spectral model fits
Parameter XMM2 (pn) CXO1 (ACIS) CXO1 unbina
NH/1022 cm−2 0.08(..., 0.72) 13.8(4.4, 55.9) 20.5(3.3, 55.2)
kT [keV] 8.4(1.3, ...) 4.1(0.55, ...) 2.3(0.55, ...)
norm/10−5 cm−3 0.9(0.4, 2.3) 7.3(1.6, 1840) 20.4(1.6, 1900)
LX,best [erg s−1] 4.3 × 1029 3.5 × 1030 7.8 × 1030
Statistic/dof 0.04/1 0.04/1 17.9/17
Notes. Norm = EM/(4pi1014d2), where d = distance to the star (520
pc) and LX,best is the unabsorbed LX for the best fit. Statistic/dof is χ2
for Cols. 2 and 3, and C for Col. 4, divided by the number of degrees
of freedom; 90% confidence ranges (for one parameter of interest) are
given in parentheses. Ellipsis dots indicate an unconstrained error range.
a For unbinned data.
3.1 (Schultz & Wiemer 1975), we obtain AV ≈ 2.5. Using
E(B − V) = NH/5.8 × 1021 cm−2 (Binney & Merrifield 1998)
for a standard interstellar gas-to-dust mass ratio, we expect only
NH ≈ 4.6 × 1021 cm−2.
The XMM2 results were derived from a spectrum binned to
at least seven counts per bin. While the highest source tempera-
ture is essentially unconfined, the presence of soft photons in the
spectral range of 0.5–1 keV requires NH to be moderate; we find
NH ≈ 8 × 1020 cm−2, with 90% confidence upper limits around
NH ≈ 7.2 × 1021 cm−2. No acceptable joint fit could be found
for the XMM2 and CXO1 observations, demonstrating that the
two NH ranges are mutually exclusive. For standard interstellar
gas-to-dust ratios, we expect AV of about 1 mag for the best fit,
in agreement with B−V observations and in stark contrast to the
CXO1 results.
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5. Discussion and conclusions
The anomalously high gas absorption (CXO1) in the presence
of rather weak optical extinction is similar to an observation in
a class of strongly accreting T Tauri stars that exhibit a com-
bination of two X-ray spectra, a soft component from a cool
(≈2 MK), only weakly absorbed source and a very hard com-
ponent from a hot, strongly absorbed (NH > 1022 cm−2) source
(two-absorber X-ray or TAX phenomenology, e.g., Güdel et al.
2008). The classical FUor FU Ori shares these characteristics
(Skinner et al. 2006a, 2010). The soft source in DG Tau has
been identified with an X-ray jet close to the star (Güdel et al.
2008), while for FU Ori a companion may at least partly explain
it (Skinner et al. 2010). In all cases, however, the hard source,
attributed to a magnetically confined plasma (e.g., a corona), re-
quires much higher gas column densities than expected from vi-
sual extinction and a standard interstellar gas-to-dust mass ra-
tio. The proposed models either involve dust-depleted accretion
streams from the disk to the star or dust-depleted winds launched
from the inner disk.
To assess the plausibility of these models, we first estimated
NH from accretion streams using mass conservation for a station-
ary flow approximated to be isotropic and radial,
nH =
˙M
4pi r2µmpv
, (1)
where mp ≈ 1.7 × 10−24 g and µ ≈ 1.3 are the proton mass and
the mean weight per particle for atomic gas. The mass accretion
rate for HBC 722 is ˙M = 10−6 M
⊙
yr−1 (Kóspál et al. 2011).
Halfway between disk border and stellar surface, the accretion
stream velocity will have reached a value of about half the free-
fall velocity at the stellar surface for a mass element falling from
the inner-disk border. Using the inner disk radius r = 2R∗, R∗ ≈
2R⊙, and a stellar mass of M∗ = 0.5M⊙ (Green et al. 2013) we
obtain v ≈ 126 km s−1 and therefore nH ≈ 4 × 1012 cm−3 at r ≈
1.5R∗. Integrating over one R∗ (from 2R∗ to the stellar surface)
leads to NH = 5.6× 1023 cm−2, within the 90% confidence range
of CXO1 results (Table 2).
We now consider winds launching from the innermost part
of the disk. Considering the strong heating of the inner disk dur-
ing an FUor outburst, we may expect winds, as indeed observed
in FUors (Herbig et al. 2003) and in particular also for HBC 722
where they reach velocities of 500 km s−1 (Semkov et al. 2012).
The gas of the inner disk is essentially dust-free because it is far
inside the dust sublimation radius even for a normal CTTS; in
any case, the disk temperature corresponding to a G supergiant
spectrum exceeds the dust sublimation temperature. Optical ex-
tinction (due to dust) will therefore not be enhanced, while X-
rays will still be absorbed by gas.
If such a dust-poor wind is launched from the inner disk re-
gion and expands approximately isotropically, then Eq. 1 analo-
gously applies, where ˙M now stands for the wind mass-loss rate.
Integration of nH along the line of sight through the wind from
infinity to the disk border (2R∗) provides an estimate for NH if
we assume that the wind velocity is constant:
NH =
∫ ∞
2R∗
˙M
4pi r2µmpv
dr =
˙M
8piµmpvR∗
. (2)
Using R∗ ≈ 2R⊙ (Green et al. 2013), v ≈ 500 km s−1
(Semkov et al. 2012), and ˙M ≈ 10−7 M⊙ yr−1 (assuming 10%
of the mass accretion rate as for CTTS, Hartigan et al. 1995),
we find NH ≈ 1.7 × 1022 cm2, somewhat lower than acceptable
for the CXO1 observations, but our model assumptions are fairly
crude.
The XMM1/2 observations do not fit into this picture. At face
value, it seems that strong winds or accretion stream absorption
did not prevail in XMM2, while XMM1 suffered from too much
absorption, or the X-ray source was significantly dimmer. We
suggest the following scenario:
The first optical peak was produced by an initial strong disk
instability that rapidly led to enhanced accretion and possibly
winds that attenuated all X-rays (XMM1). The initial outburst
then ceased, leading into a more quiet phase during which the
star was detected in X-rays (XMM2). Subsequently, a gradual
increase to a lasting disk instability develops winds and accretion
flows and triggers enhanced X-ray emission. Enhanced X-ray
absorption is now evident (CXO1).
Direct support for XMM2 picking up a normal CTTS comes
from the measured LX. Telleschi et al. (2007) reported statistical
correlations between LX and stellar Lbol or mass for a large sam-
ple of CTTS in Taurus. Using Lbol = 0.7L⊙ and M∗ = 0.5M⊙,
these best-fit relations (based on two different statistical regres-
sion methods) all lead to LX ≈ (4.2 − 5.0) × 1029 erg s−1, which
agrees well with our XMM2 observation.
Why LX increased by about an order of magnitude during the
outburst peak is less clear (the increase seems to agree with es-
timates for classical FUors; Skinner et al. 2009, 2010). Potential
candidates are reconnection events in dynamo-induced magnetic
fields forming as a consequence of convection in the strongly
heated, unstable disk; the absorbing medium in this case would
be a wind. Alternatively, enhanced magnetic reconnection in
magnetospheric star-disk fields subject to increased disturbance
by the close-in disk would lead to hard emission, while the over-
lying accretion streams and winds would partially attenuate the
X-rays. Future X-ray monitoring may help to clarify the situa-
tion.
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